Abstmct-An annular aperture antenna mounted on an infinite ground plane and containing a hemispherical center conductor extension above the ground plane is investigated. A Green's function for the region above the ground plane is derived so as to be compatible with numerical solution techniques. A magnetic field integral equation is obtained in terms of the unknown tangential aperture electric field and is solved by the method of moments. A comparison between flush mounted and hemispherically extended annular aperture antennas is presented for the tangential aperture electric field, the coaxial line apparent input admittance, and the far radiated field.
INTRODUCTION
NNULAR APERTURE ANTENNAS have been used on aircraft for many years. One of the major advantages of this type of antenna is its low aerodynamic profile. However, because of frequency requirements and the limited space on aircraft, it is often difficult to impedance-match the annular aperture antenna to the feed line. One method of improving the impedance match between the feed line and antenna is to extend the cylindrical center conductor a short distance above the surface of the ground plane, thus creating a short dipole.
In this paper an analysis of an annular aperture antenna opening into a ground plane where the extended center conductor is a hemisphere (see Fig. 1 ) is presented. A configuration with a hemispherical center conductor extension has input impedance and radiation properties similar to those of a short cylindrical extension while a hemispherical profile has an aerodynamic advantage over a short cylinder. Also, in order to accurately determine the radiated and reflected coaxial waveguide fields in the short cylindrical extension case, one must solve a set of three coupled integral equations containing three unknowns: the tangential aperture electric field and currents on the side and on the end cap of ;he extension. However, a Green's function valid in the region above the ground plane can be readily found for a hemispherical extension thereby reducing the problem to one of solving for a single unknown-the tangential aperture electric field. Once the tangential aperture electric field is known, then by the uniqueness theorem of electromagnetics all the fields on both sides of the aperture can be found.
A comparison is made between the previously studied flush mounted annular aperture antenna and the annular aperture with a henlispherically extended center conductor. Results are presented in this paper for the tangential aperture electric field, coaxial line input admittance, and radiated far-field power patterns. The assumed time dependence exp ( j w t ) is suppressed.
ANALYSIS
In order to derive an expression for the exterior region magnetic field, the equivalence principle of electromagnetics [l] is applied as shown in Fig. 2 . First the aperture is short circuited and magnetic currents which maintain the original exterior region field are placed over th.. -ea bounded by the shorted aperture ( Fig. 2(b) ). The methd of images is then used resulting in the configuration shown in Fig. 2 line current loop is q5 directed but has no Cp variation, which is consistant with the fact that the coaxial line modes are Cp independent. A Green's function for a ring source radiating in the presence of a conducting sphere can be obtained by using a classical modal expansion approach. However, -the usual method which requires two series solutions, one for each of the regions r r' , is not generally compatible with numerical solution techniques. The primary difficulty is that the series , obtained by this approach converge slowly. Below, a derivation is described which separates the slowly converging particular solution portion of the series from the rapidly converging homogeneous part.
The 8 and Cp components of the electric and magnetic fields in free space and in terms of the magnetic vector potential are -1 aAr H , = --.
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In (2) and (3) w is the radian frequency , p the free space permeability, k the free space propagation constant and A,=Af"+Afi. 
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and r] is the free space wave impedance. The second term on the right side of (10) is the Green's function for a circular loop radiating in homogenous free space while the first term accounts for the presence of the conducting sphere.
The The interior magnetic field which has been derived in a previous paper [3] is repeated here for convenience:
Numerical Method
The method of moments [4] numerical procedure is used to solve the integral equation Jo(~,a)~o(X,b)=O. (18) concurable accuracy.
Since the basis functions in (22) vary as I/p a simplification of the integrals in (21) occurs. In fact the integrals in the third and fourth terms in (21) can be evaluated analytically, which results in a significant reduction in computer computation time.
The testing set is composed of Dirac delta functions In no case did the summation of the infinite series require more than 18 terms before our convergence criterion was met. As few as five terms were necessary to get convergence for nonself-term calculations accurate to three significant figures. Convergence of the interior region higher order mode series was improved by using series convergence acceleration techniques [3] . Fig. 3 shows a comparison between the tangential aperture electric field for the coaxial line with a hemispherically extended center conductor and that of a coaxial line which is flush mounted on the ground plane. In each case the coaxial line is assumed to be air filled and opening into a free space air region. The 1/p variation of the field in the center of the aperture illustrates the behavior of the dominant TEM mode.
RFSULTS
The edge condition appears to be satisfied near p = a and b for the case of the flush mounted line. However no edge singularity occurres at p = a when the center conductor is hemispherically extended. This is expected since in the plane of the aperture the center conductor is not abruptly discontinuIn coaxial lines of practical interest and which support only the TEM mode, higher order modes produced by the aperture become negligible at a distance of a few wavelengths from the aperture. In (16) the infinite sum which represents the higher order modes can therefore be dropped when the field is evaluated at a significant distance form the aperture. From (16) the TEM reflection coefficient which is the ratio of incident and reflected fields is therefore determined to be ous. The far magnetic field asymptotically approaches the following form:
The first term on the right side of (25) is due to the field scattered by the hemispherical cap. The second term is the particular solution field due to radiation from the annular aperture. Far-field power patterns shown in Fig. 5(a) are calculated by using the corresponding flush mounted and extended center conductor aperture field distributions pictured in Fig. 3 . Both patterns in Fig. 5 ' are normalized by the maximum radiated power density for the extended center conductor case. It is seen in Fig. 4 that when ka = 1 .O the admittance match between the coaxial line and free space is much improved when the center conductor is extended. From the data in Fig. 4 when ka = 1 .O the transmission efficiency e, = (1 -IF( 2, is calculated to be 40 percent greater when the center conductor is hemispherically extended. This result is demonstrated in Fig. 5(a) since the radiated power density in the extended center conductor case is indeed approximately 40 percent greater than that of the flush mounted coax case. A similar efficiency calculation made by using Fig. 4 when ka = 2.0 shows that the difference in the transmission efficiencies is not nearly so great. This fact is confirmed by the results pictured in Fig. 5@ ).
It was observed by the author that if the radiated power at 90" is normalized to 1 .O for each of the two cases show in Fig.  5(a) , the form of the two patterns is approximately the same. However, it can be seen in Fig. 5@ ) that with ka = 2.0 there is a considerable decrease in beam width when the center conductor is hemispherically extended.
CONCLUSION
An integral equation in terms of a single unknown aperture electric field E; is formulated and solved numerically for an annular aperture antenna containing a hemispherical extension. A Green's function with separated homogenous and particular parts is derived for the hemispherical extension. The Green's function derived here is more compatible with numerical methods than the commonly used infinite series form. Typically when 0.2 < ka < 1.6 the radiation pattern beamwidths are approximately the same. In this range the radiation efficiency is much greater when the center conductor is extended. When 1.6 < ka < 2.2 the radiation efficiency for the two cases in approximately the same but the far field power pattern beamwidth is much less when the center conductor is hemispherically extended.
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